We propose using interferometry of circularly polarized light as a mechanism by which to test for axion dark matter. These interferometers differ from standard interferometers only by the addition of a few quarter waveplates to preserve the polarization of light upon reflection. We show that using current technology, interferometers can probe new regions of axion parameter space up to a couple orders of magnitude beyond current constraints.
I. INTRODUCTION
One of the leading candidates for dark matter (DM) is a light pseudo-scalar derivatively coupled to the Standard Model (SM). The most well-known example of such a candidate is the QCD axion [1] [2] [3] [4] . The axion can have a multitude of different couplings to the SM. The coupling that produces the effect of interest in this article is
which is the axion coupling to photons. While in the simplest models of the QCD axion, the axion-photon coupling is a function of the axion mass, there exist models where the coupling to photons is a free parameter (i.e. f is independent of m a ) [5, 6] . We consider axions, which do not necessarily have to be the QCD axion, where f and m a are independent of each other. These generalized axions are sometimes called axion-like particles (ALPs). There are many proposals for experiments to look for axions and ALPs. See Refs. [7] [8] [9] [10] [11] [12] [13] for a small subset of these proposals.
In the presence of ALP dark matter, the coupling shown in Eq. 1 generates new terms in Maxwell's equations. In vacuum, the equations become
∇ · B = 0 (4)
Turning Maxwell's equations into the wave equation for light and taking the limit of a light non-relativistic axion (v 1 and m a ω), one arrives at the relation
Substituting a plane-wave solution yields a modified dispersion relation:
This is just the well-known effect that the presence of ALP dark matter causes a difference in phase velocity between right and left circularly polarized light. This effect is often equivalently stated as the fact that a background axion field causes the polarization angle of linearly polarized light to slowly rotate. It follows that the phase velocity of left and right polarized light is
As the effect of axion dark matter is to change the phase velocity of circularly polarized light, the natural experiment to build is an interferometer where one arm has left circularly polarized light while the other arm has right polarized light. Axion DM would produce a difference in phase velocity between the two arms, generating an interference pattern.
II. MAPPING BETWEEN GRAVITATIONAL WAVES AND AXION DM
If the light in the interferometer is circularly polarized, there is an exact mapping between the effects of axions and gravitational waves. Therefore all of the literature on gravitational wave interferometry can be imported directly into axion interferometry.
To map between gravitational waves and axions, we compare an axion interferometer with left and right polarized light respectively in each of the two arms with a gravitational wave interferometer with arms along the x and y directions subject to a + polarized gravitational wave propagating along the z-axis. Since the velocity of dark matter is small (v ∼ 10 −3 ), the length of the interferometer is 1/m a v, so it is safe to neglect the effect of the spatial gradients of the axion field. The equivalent GW propagates along the z-axis because this maps to the situation of having negligible spatial gradients in the axion DM. To map between the amplitude of the gravitational wave h 0 and the effect of the axion DM, we note that the axion field behaves as a classical field due to its large occupation number. The axion field is approximately a(t) = a 0 cos(m a t + k a z).
Using the dispersion relation and neglecting spatial gradients, this gives us an effective path length of
Comparison to the standard formula for path length in the case of gravitational waves [14] 
shows that the correct mapping between the two scenarios is
where we have used that the local dark matter density
ω denotes the angular frequency of the laser light while ω g denotes the angular frequency of the gravitational wave. Finally, since axion DM is constantly streaming through us with a quality 
, it is equivalent to a continuous gravitational wave with similar quality factor.
It should be noted that unlike a gravitational wave detector, the two arms of the interferometer need not be perpendicular. In fact, they could be run parallel such that the right-handed and left-handed cavities are actually formed by the same mirror. This design could potentially allow for significant reductions in radiation pressure noise (discussed further below). Power recycling and other improvements that are independent of the arms of the interferometer are mapped between set-ups with no change.
Up until now, we have neglected to discuss a crucial point that reflection off of a mirror inverts the polarization of the laser beam. Since the axion DM-induced effect is polarization-dependent, the sign of the effect changes upon reflection off of a mirror. If this effect is to be prevented, polarization-preserving mirrors must be used. These can be manufactured by adding a quarterwaveplate in front of a mirror or by including a coating on the mirror that produces the same effect. The mapping between mirrors that perform an equivalent function in a gravitational wave interferometer and an axion interferometer is shown in Fig. 1 .
III. AN AXION INTERFEROMETER
We are finally in a position to describe our axion interferometer. It is shown diagrammatically in Fig. 2 . As we do not know the mass of ALP dark matter, we wish to design a broadband detector rather than a resonant detector. We thus choose our equivalent gravitational wave interferometer to be a typical Michelson interferometer such as those used in experiments such as LIGO [15] and the Holometer [16] .
The proposed experiment is just a standard Michelson interferometer with the addition of four quarterwaveplates and a half-waveplate. Since most beamsplitters require linearly polarized light, the setup is designed in such a way that light only becomes circularly polarized upon entering the cavity due to passing through the first quarter-waveplate. Within the cavity, its polarization is preserved. Upon exiting, the light is reconverted into linearly polarized light by a single pass through the quarter waveplate.
The half-waveplate is included to change the polarization angle of the incident linearly polarized light. Changing the polarization angle of the y-oriented light in Fig. 2 by π 2 causes it to be converted into circularly polarized light of opposite handedness as the x-oriented cavity. Therefore the two arms of the interferometer feel opposite-sign effects from axion DM, causing interference when the beams are recombined. As mentioned before, the arms do not need to be perpendicular to each other and could be run using the same mirrors for both cavities to reduce noise. This improved version of the interferometer is shown diagrammatically in Fig. 3 .
Since our proposed experiment requires the addition of various waveplates, the waveplates must be assessed for potential sources of systematic error. One effect is that the waveplates are not perfect. Losses in the waveplates and increased thermal noise due to absorption will likely limit the highest possible finesse achievable within a cavity. As such, we choose to display the reach of axion interferometers using finesses of both the easily realizable 10 2 and the much more speculative 10 6 , which is [20] . Constraints coming from the production of axions in supernova and subsequent conversions into photons in the interstellar medium are shown in green [21] . The reach of the other proposed experiments IAXO [22] (ALPS II [23] ) are shown in dashed (dotted) blue.
the highest finesse that current cavities can attain in the absence of any waveplates [17] .
Another possible source of noise is due to birefringent effects coming from reflecting off of these polarizationpreserving mirrors. Previous experiments have mainly focused on controlling birefringent effects in the context of linearly polarized light [18, 19] . It will be an experimental question whether or not these effects can be sufficiently suppressed as to be a subdominant source of noise.
IV. PARAMETER SPACE PROBED BY AXION INTERFEROMETERS
In this section, we calculate the reach of an axion interferometer assuming that noise from the waveplates has been mitigated such that we are at the standard quantum limit (SQL) as is the case in LIGO and the Holometer for a range of frequencies. Under this assumption, the data analysis is identical to that of a continuous gravitational wave detector. The standard SQL signal-to-noise ratio (SNR) [14] is
where T is the observation time, τ is the coherence time of the axion field (= 2π mav 2 ) and h 0 is given by Eq. 12 1 .
The T 1 4 dependence is due to the fact that the axion field is only coherent on a timescale τ ∼ (m a v 2 ) −1 , so the sensitivity of the experiment increases as √ T up until the coherence time, then as T ) where P 0 is the power incident on the beam-splitter, λ is the wavelength of laser light, φ 0 is how far off of the dark spot the interferometer is tuned to, L is the length of the cavity, and r is the reflectivity of the mirror closer to the beam-splitter (the reflectivity of the further mirror in a cavity is taken to be 1). The radiation pressure noise is
where M is the mass of the mirror and F is the finesse of a cavity (r ≈ 1 − π F ). This noise can be reduced by running the interferometer in the configuration shown in Fig. 3 . Since both cavities are now formed by the same mirrors, any change in the displacement of the mirror occurs equally in both cavities, hence the overall displacement noise due to radiation pressure is cancelled. What remains is radiation torque noise, which arises when fluctuations in power between the two beams cause a torque on the mirror, leading to slightly different path-lengths for the two beams. This noise is then given by
where r is the distance between a beam and the center of a mirror and I is the moment of inertia of the mirror. By reducing r, the noise from radiation torque can be made to be several orders of magnitude smaller than the usual radiation pressure noise.
To compute the reach shown in Fig. 4 and Fig. 5 , we set SNR = 1 and solve for f as a function of m a . The dominant experimental constraint is the power contained within the cavity, which is given by ( 2 π )P 0 F. The incident power and finesse must be chosen such that this quantity does not exceed several hundreds of kW, which is the maximal power that can be currently contained 1 Stochastic backgrounds are usually searched for by looking for correlations in the output power of multiple detectors. Unlike most stochastic backgrounds, the axion has a large coherence time. A version of the usual search modified to apply to large Q signals would give similar sensitivity to our matched waveform approach. Fig. 4 but using the configuration shown in Fig. 3 . Radiation pressure noise is cancelled leaving only radiation torque noise. We take the beams to be separated by 1 cm and the mirror to be circular and 10 cm in diameter.
within a cavity [17] . For this reason, one cannot increase P 0 arbitrarily without a corresponding reduction in finesse. Fig. 4 (Fig. 5 ) was made taking L = 40 m using the design shown in Fig. 2 (Fig. 3) . Solid (dotted) lines have a finesse of 10 2 (10 6 ). We took a standard 1064 nm laser, φ 0 = π/4, M = 10 kg, and T = 30 days. As one of the limiting factors is the power stored in the cavity, we show exclusions in black (red) using the easily-accessible (more difficult) value of 1 kW (1 MW) of power stored in the cavity.
The general shape of the reach curves can be understood as follows. At low frequencies, the reach curves weaken due to radiation pressure noise. At high frequencies, a given reach curve has two different slopes in different regimes of the axion mass. The first, more gradual weakening of the reach curve comes from the change in the coherence time as the mass increases. The second, steeper slope occurs when the axion field is fluctuating on time-scales comparable to or shorter than the trapping time of the cavity. The phase shift begins to be averaged out since the light is trapped for greater than one halfperiod of the axion field. A longer trapping time (equivalently a longer effective arm length) therefore means that the interferometer starts losing sensitivity at higher axion masses.
An interesting aspect of this experimental design is that interferometers with larger effective arm length do not necessarily probe more of parameter space than interferometers with smaller effective arm length. As can be seen from the figures, interferometers with different finesses probe different regions of parameter space. The reason for this difference is that, as mentioned before, larger finesse cavities require lower power input lasers. Lower power on the beam splitter results in larger noise that can degrade sensitivity. Therefore axion interferometers of different finesses and laser powers can complement each other to better cover parameter space. Note that while the interferometer with F = 10 6 appears to cover less parameter space than F = 10 2 , we have chosen to display it both to contrast our experiment with other axion-detection experiments that often seek a quality factor of 10 6 and to demonstrate that existing interferometers with low-power lasers could still be repurposed to probe interesting regions of parameter space.
It is worth noting that unlike a gravitational wave detector, the reach of an axion interferometer improves for decreasing ω. This is due to the inverse ω-dependence of h 0 , which is not present in the case of gravitational waves. Though the fact that longer wavelengths of light are preferred might suggest that the experiment should attempt to use the longest wavelengths possible, the assumption of shot noise limitation is no longer valid for wavelengths much longer than those of visible light due to the inability to detect single low energy photons. This makes experimental control of noise significantly more difficult at longer wavelengths and weakens the potential sensitivity. Optimistically, if future advances in Transition Edge Sensors [24] and/or Microwave Kinetic Inductance Devices [25] allow for the use of a meV scale standard quantum limited maser, then the reach would be improved by a factor of ∼ 30.
V. CONCLUSION
In this article, we proposed an interferometer-based search strategy for ALP dark matter. Because there is a direct mapping between gravitational wave interferometers and axion interferometers, much of the technology developed for interferometry applies equally well to axion detection. The only technical difference is the addition of quarter waveplates to preserve the polarization of the light. If an experiment of this sort were to be undertaken, it would be able to push beyond current constraints on ALPs by several orders of magnitude for reasonable regions of parameter space. Once the ALP mass is known, other designs such as resonant gravity wave interferometers [26, 27] could be transformed into axion interferometers and used as well.
